The coupling between two atomically sharp nanocontacts provides tunable access to a fundamental underlying interaction: the formation of the bond between two atoms as they are brought into contact. Here we report a detailed experimental and theoretical analysis of the relation between the chemical force and the tunneling current during bond formation in atom-scale metallic junctions and their dependence on distance, junction structure, and material. We found that the short-range force as well as the conductance in two prototypical metal junctions depend exponentially on the distance and that they have essentially the same exponents. In the transition regime between tunneling and point contact, large short-range forces generate structural relaxations which are concomitant with modifications of the surface electronic structure and the collapse of the tunneling barrier. DOI: 10.1103/PhysRevLett.106.016802 PACS numbers: 73.22.Àf, 73.63.Rt, 74.55.+v While the first simultaneous measurements of the distance dependency of force and conductance were already performed a decade ago [1] [2] [3] , the question of how the short-range forces relate to the tunneling conductance is still in theoretical and experimental debate [4] [5] [6] . Recently, these quantities have been precisely determined in a single measurement by using a combined scanning tunneling (STM) and atomic force microscope [7, 8] . Such an instrument allows one to measure simultaneously the conductance and the short-range force between an atomically sharp tip and well characterized adsorbates on surfaces.
While the first simultaneous measurements of the distance dependency of force and conductance were already performed a decade ago [1] [2] [3] , the question of how the short-range forces relate to the tunneling conductance is still in theoretical and experimental debate [4] [5] [6] . Recently, these quantities have been precisely determined in a single measurement by using a combined scanning tunneling (STM) and atomic force microscope [7, 8] . Such an instrument allows one to measure simultaneously the conductance and the short-range force between an atomically sharp tip and well characterized adsorbates on surfaces.
In this Letter, we present measurements and simulations of prototypical atomic junctions between an individual metal adsorbate on a metal substrate and a metallic tip [ Fig. 1(a) ]. All experiments where performed in ultrahigh vacuum (p < 10 À8 Pa) and at a temperature of about 5 K [9] . To discriminate between the short-range force which originates from the direct interaction of the adsorbate and the tip apex and all long-range forces between the macroscopic sample and tip, we measure directly on top of the adsorbate and again at a lateral distance of % 1:5 nm. At this distance the force is no longer influenced by the adsorbate and only long-range forces contribute to the frequency shift Áf of the force-sensing cantilever which oscillates normal to the surface (for details of the setup, see [9] ). In Fig. 1(b) we show the Áf data measured on top and off a single Pt atom adsorbed on a clean Pt(111) surface at different tip-sample distances d and the corresponding time-averaged conductance G av (the conductance averaged over the oscillation of the cantilever) and dissipation D. We used the Áf data to calculate the short-range force normal to the surface F z ¼ F on À F off using the Sader-Jarvis formalism [10] [ Fig. 1(c) ] and the G av data to calculate the instantaneous conductance G by removing the smearing induced by the tip oscillation [11] [ Fig. 1(d)] .
We observe at d % 0 the minimum of F z ¼ À1:9 nN concomitant with a conductance of G % G 0 . For smaller tip-sample distances the force increases until force equilibrium at d ¼ À0:5 # A is reached. We note that the forming and breaking of this chemical bond does not significantly increase the intrinsic dissipation D of the cantilever which varies only between 1-3 meV per oscillation cycle, which is very small compared to the total bonding energy of % 1 eV [ Fig. 1(b) ] [9] .
The small D and unchanged STM images taken before and after bond forming suggest that the tip apex and the adsorbate-sample system stay unaltered and only deform elastically.
We performed similar experiments on individual Cu adatoms on a Cu(111) surface [ Fig. 2 (b) and [9] ]. The maximal attraction is smaller than on the Pt=Ptð111Þ system and reaches only À0:8 nN at d % 0:25 # A. At this tipsample distance the conductance is close to 0.75 G 0 while for smaller d it increases to approximately G 0 .
For both systems we found that in the tunneling regime (d ! 0:75 # A) G as well as F z change exponentially as the tip approaches the adsorbate (Fig. 2) , i.e., F z ðdÞ / expðÀd= F Þ and GðdÞ / expðÀd= G Þ; (1) with F and G as the characteristic decay length of the short-range force and the conductance, respectively. The exponential decay stems from the fact that both F z and G depend on the orbital overlap of the wave functions of tip and sample.
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In contrast to the uniform exponential change and the smooth transition to the maximal absolute value of G in the Pt=Ptð111Þ system [ Fig. 2(a) ], the Cu=Cuð111Þ system shows an overshooting, i.e., a decrease of G , at the transition between tunneling and point contact (0
. While this decrease of G close to point contact was already observed in STM only measurements [12] , here we can relate it to the simultaneously measured divergence of the exponential F z dependence which is even stronger in the Pt=Ptð111Þ system than in the Cu=Cuð111Þ system.
To explain the measurements, extensive total energy density functional calculations using the VASP code [13] in combination with a Green's function approach [14] for the electron transport were performed (for details, see [9] ). We note that this simulation takes all atomic and electronic relaxation of tip and sample into account and allows a nonperturbative treatment of the electron transport in both the tunneling and contact regimes.
First, we performed an extensive search for a reliable tip structure. Different tip geometries have been explored and compared with the experimental F z and G curves whereby a regularly pyramidal Ir tip with a (100) [for the Pt=Ptð111Þ system] or (111) [for the Cu=Cuð111Þ system] fcc surface facet and terminated at the apex with an atom of the surface material (Pt or Cu, respectively) shows the best conformance with the experimental data of both systems [9] . In both systems we find very good agreement between experimental and calculated data as shown in Figs. 1 and 2 . In addition, we observe in our simulations a strong dependence of the force on the chemical composition of the outermost tip atom indicating a possible single-atom chemical identification [15] . PRL
ratio ¼ G = F for both systems is % 1 (see Table I ). Thus, in this distance range of an atomic metal junction, force and conductance are proportional to each other (F z / G). The decay coefficient of the conductance ¼
2 À1
G is related to the apparent tunneling barrier height È between tip and sample as ¼ ffiffiffiffiffiffiffiffiffiffiffi 2mÈ p =@, with m as the electron mass and @ as the reduced Planck constant [16] . We find in our experimental data an apparent barrier height of 6:3 AE 0:4 eV (5:6 AE 0:3 eV) for the Pt (Cu) system, similar to earlier measurements [12, 17] .
While the exponential decay of the conductance is beyond controversy, different theoretical predictions have been made for the ratio between short-range force and conductance. Chen found ¼ 2 by using first-order perturbation theory for the hydrogen molecule ion [18, 19] , and by canonical transformation and diagonalizing the tunneling transfer Hamiltonian [17] . In contrast, Hofer and Fisher found in the framework of the scattering formalism and second-order perturbation ¼ 1 [4] . Recently, another model incorporating both regimes depending on electronic structure of an atomic contact has been introduced [20] . Here, the clear results we found experimentally and by simulation, going beyond the perturbation theory, answer the theoretical controversy [4] [5] [6] 18] of the relationship between F z and G in metallic junctions.
The simulations provide detailed insight into underlying processes during the formation of the atomic contact. In particular, we found five main correlated factors related to the formation of the chemical bond between tip and sample: (i) structural relaxation of atoms forming the contact [21] [22] [23] , (ii) modification of the surface electronic structure [24, 25] , (iii) collapse of the tunneling barrier [26] , (iv) conductance saturation via elastic multiplescattering processes in near-to-contact regime [14] , and (v) modification of surface dipole responsible for atomic contrast observed recently in a kelvin force probe microscope [27] .
Our simulations yield that both studied systems show a profound structural change at the transition between tunneling and point contact [23, 28] . The topmost atom of the tip apex and the adsorbate move towards each other with increasing attractive force F z . Figure 3 shows that for the Cu adsorbate on the Cu(111) the relaxation is almost as large (Ád S ¼ 0:6 # A) as for the Pt adsorbate on the Pt(111) surface (Ád S ¼ 0:7 # A) even though the maximal attractive force differs between both systems by a factor of % 2:6 in the simulation and % 2:2 in the experiment. This is in contrast to the deformation in the tip apex, which is approximately proportional to F z . We attribute this behavior to the different Young's modulus of the two materials which is with Y ¼ 120 GPa for Cu much lower than Y ¼ 168 GPa for Pt [29] . (Fig. 3) . This resembles snap to contact as it was found, for example, in experiments on Au adatoms on Au(111) [23] . However, the negligible dissipation signal [ Fig. 1(b) ] indicates that snap to contact does not play a role in our experiments.
Furthermore, we found in the junction significant modification of the surface electronic structure. The Hartree potential V H across the junction yields the collapse of the tunneling barrier [ Fig. 4(a) Fig. 4(b) ]. This charge enhancement during the bond formation and the elastic deformation of tip and sample significantly influences the orientation and energy of the atomic orbitals which are involved in the electronic transport and the acting short-range forces [24, 25] . Calculating the density of states (DOS) of the substrate-adsorbate system at the apex atom F and À1 G of the short-range force F z and the conductance G determined by fitting the experimental and calculated data shown in Figs. 1 and 2 for tip-sample distances d ! 0:75 # A. From G the apparent barrier height È can be calculated. The ratio ¼ G = F is surprisingly close to 1 for both systems. We note that the uncertainty of the experimentally determined values is mainly due to systematic errors in the determination of the tip-sample distance d, but this error does not influence the uncertainty of the experimentally observed . of the tip reveals that the DOS around the Fermi energy E F changes by more than a factor of 2 in the Cu=Cuð111Þ system when the tip approaches the point of maximal attractive force (d ¼ 0) while it changes only insignificantly in the Pt=Ptð111Þ system [ Fig. 4(c) ]. This increase in the DOS is mainly due to a spatial rearrangement of the s and d orbitals of the Cu adsorbate and a concomitant shift of their energy towards E F . The higher DOS increases the probability for electrons to tunnel between tip and adsorbate and is the origin of the observed growth of G as displayed in Fig. 2(b) . Here we note that only states close to E F contribute to the conductance, and thus the small shift of the energetic position observed in the Pt=Ptð111Þ system does not significantly alter the exponential behavior of G. In contrast, the growth of F in both systems is due to structural deformations (Fig. 3 ) which are stronger in the Pt=Ptð111Þ system. To summarize, our experimental and theoretical work offers a novel way to characterize materials on the atomic and molecular scale using the two complementary channels: force and conductance. To thoroughly understand the bond formation in nanoscale contacts a thorough interpretation of the force and conductance is necessary. As we have shown, the complex interplay between deformations and the electronic states in tip and sample and the mechanical forces and electrical conductance can be tackled by state-of-the-art calculations and verified experimentally.
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